Support is growing for the incorporation of fetching time and/or distance considerations in the definition of access to improved water supply used for global monitoring. Current efforts typically rely on self-reported distance and/or travel time data that have been shown to be unreliable. To date, however, there has been no head-to-head comparison of such indicators with other possible distance/time metrics. This study provides such a comparison. We examine the association between both straight-line distance and self-reported one-way travel time with measured route distances to water sources for 1,103 households in Nampula province, Mozambique. We find straight-line, or Euclidean, distance to be a good proxy for route distance (R 2 ¼ 0.98), while self-reported travel time is a poor proxy (R 2 ¼ 0.12). We also apply a variety of time-and distance-based indicators proposed in the literature to our sample data, finding that the share of households classified as having versus lacking access would differ by more than 70 percentage points depending on the particular indicator employed. This work highlights the importance of the ongoing debate regarding valid, reliable, and feasible strategies for monitoring progress in the provision of improved water supply services.
INTRODUCTION
As of 2012, almost half of the world's population must still leave their home to fetch water (WHO/UNICEF ). More specifically, self-reported measures of time often suffer from recall bias (Shiffman ) . Biasing processes are prominent during self-reported recollections, as memory is distorted by interpretation processes influenced by the respondent's current state (Bradburn et 
al. ;
Gorin & Stone ). Kahneman et al. () argue that this bias is based on the availability of instances in memory when one is asked to recall specific events. A respondent who is asked to estimate water fetching travel time, for example, may more easily recall instances in which he/she explicitly took note of the travel time; these might be trips that took longer than normal, potentially biasing his/her responses. The key finding by Niemi () that the accuracy of survey measurements depends critically on factors of memory supports this assertion. We are aware of only one other published study that assesses the accuracy of self-reported water fetching time. Using global positioning system (GPS) route data to measure fetching time, Davis et al. () find that households in informal settlements in Kenya frequently overestimated their fetching time, despite spending less than 10 min total and traveling less than 400 meters on average. Together, this evidence suggests that using self-reported indicators of water fetching distance is not optimal.
In other fields, distance has been estimated ex situ with a geographic information system (GIS), rather than being measured in situ or estimated with household survey data.
For example, GIS-measured estimates such as Euclidean distance and shortest-route distance have been used in identifying populations with poor access to health services (Love & Lindquist ; Bamford et al. ) . Euclidean distance refers to the straight-line distance measured between two points. In this work, we investigate the applicability of straight-line distance between a household and its water source for measuring access to water supply (Figure 1 ).
Studies evaluating the efficacy of straight-line distance are not uncommon. Apparicio et al. () find that straight-line distance is strongly correlated with distance as calculated based on a road network. Their findings are similar to those of Fortney et al. () , who find that Euclidean distance explains more than 90% of travel time to health providers in the United States. However, most studies evaluating straight-line distance have been conducted in the context of health care access rather than access to water supply; they have also been focused in urban areas with well-developed road networks. To our knowledge, there has been no study of the effectiveness of straight-line distance as a proxy for distance to water source in rural areas lacking road networks. This is not to say that straight-line distance is not important for water supply planning; indeed, it is regularly used in siting water points. For example, it is common to draw a circle around a planned water point location and use straight-line distance to ensure that intended beneficiary households lie within the distance as specified by sector policy (e.g., 500 meters or 1 kilometer). In addition, straight-line distance was once used to monitor access to improved water supply. Surveyors would simply count the number of households that lay within the specified distance of a water point and classify them as having access. Such practices were criticized for over-estimating access, however, because they assumed that all households located near the water point made use of it. Direct interview of household members about which water source(s) they use has become the preferred method of data collection for global monitoring of access.
This type of interview data is generally viewed as being valid and reliable with regard to household water source choice and water use. As discussed above, however, selfreported information about distance or travel time to a water source is likely to suffer from various types of bias. 
Data collection
This study uses data collected in June 2011 for a larger investigation into the impacts of rural and peri-urban water investments. A total of 54 clusters of households in six districts were selected at random; 1,606 households (approximately 27 to 30 households per cluster) were surveyed in all. Enumerators followed randomly determined transects within each of the 54 communities and selected every second or third household to be interviewed. Respondents were male (61%) or female (39%) heads of household.
Informed consent was obtained from all participants, and the study protocol was approved by the Institutional Review Board of Stanford University, California, USA and the National Statistical Institute of Mozambique.
Each respondent was asked to identify the primary water source used by his/her household at the time of survey, and enumerators took GPS coordinates of each sampled household and all shared water points in each study community. Among sampled households, 503 (31%) reported using a primary water source other than a community water point, and/or a source for which GPS coordinates were not obtained. Given the objectives of this study, these households were removed from the dataset, leaving 1,103 households. In addition, in order to identify the paths used to reach water sources in each community, enumerators collected GPS track data as they were escorted to each water point by local leaders. These GPS track data did not include all paths in each community; they therefore provide an incomplete picture of the true paths available for water fetching in these communities.
As a result of the incomplete GPS track data, we estimated water fetching distance using paths digitized from freely available, high-resolution satellite imagery. Satellite imagery has previously been used in estimating water fetching routes (Davis et al. ) . As of March 2012, Google Earth provided 2.5 m resolution SPOT satellite imagery for all of the sites in our study area and sub-meter resolution DigitalGlobe or GeoEye imagery for 24 (44%) of our sites (Google Inc. ). The dirt paths and roads in these communities were visible via satellite imagery, so these paths were digitized and then used to determine and measure the shortest route from each household to its water source. For each satellite image used to digitize paths for a community, we recorded the landscape type (e.g., completely forested) and the image resolution (i.e., high (sub-meter) or low (2.5 m)). Twenty-eight percent of sites were completely forested, 17% partially forested, 40% with sparse shrubs and 15% were peri-urban. Once digitized, the paths were assessed for accuracy relative to the travel paths captured by enumerators with GPS track data. Over all study communities, the digitized paths overlapped with 82% of the total distance within the GPS track data. The majority of the uncaptured paths were not critical to the analysis: for example, they included the path between the community entrance and the local leader's house, which was often unrelated to paths between households and water points.
We used a least-cost path method in ArcGIS 10 to estimate the route from each household to its reported primary water point (ESRI Inc., Redlands, CA, USA). We created a 30-meter resolution cost raster in which path cells were assigned a low cost and other cells were assigned an arbitrarily high cost. This approach ensured that the identified least-cost route would extend from the household to the closest digitized path, and then along that path to the water point. Tanser 
Analytical methods
We compare the water route estimations from satellite path data to straight-line distances using ordinary least squares (OLS) regression. We then use the residual value between the two distance measures as the dependent variable in a second OLS model designed to identify the factors associ- We also include three indicators related to water fetching practice: the share of total fetching time spent queuing (as opposed to walking), whether fetching is typically undertaken alone or with a companion, and the number of person-trips for water fetching taken each week by the respondent. Route slope and terrain may also contribute to self-reported travel time accuracy, but as noted above, the study communities are characterized by limited variation in slope and terrain. We have thus omitted these indicators from all models.
We include respondent education, age, and gender, as We include cell phone ownership in the model to test the hypothesis that the clocks on mobile phones may make respondents more aware of the time spent on daily activities.
We also hypothesize that increased share of fetching time spent queuing (as opposed to walking) decreases the respondent's prediction ability, owing to respondents potentially conflating long queue time with long walk time when recalling fetching experiences. Finally, we include in our time model the presence of a companion while fetching, expecting that respondents who fetch alone may be better able to estimate their one-way travel time. A study by Niemi () reported that activities that are clearly distinct from others (i.e., with no overlap in purpose) produce more accurate results in time surveys. Thus, if water fetching is combined with socializing, we might expect survey responses regarding the time spent on water fetching to be less accurate.
RESULTS
Among the 1,103 households included in our final sample, the mean number of people in the household was 4.1 (median of 4.0). Twenty-five percent of households reported owning both a bike and a radio while only 6% of households reported owning a cell phone. The average respondent age was 40, and Forty-one percent of sample households reported using more than one domestic water source at the time of interview, an average of 1.4 sources per household overall. For 64% of households, the primary source (from which the greatest share of water was obtained) was a shallow hand-dug well (poço traditional); 22% used a deep (mechanically drilled) borewell ( furo), and 14% fetched water from a river or lake.
Using satellite imagery and the distance estimation methods described in the section 'Data collection', the average one-way water fetching route distance for sample households was 925 m (standard deviation, SD ¼ 988 m) and the average straight-line distance was 726 m (SD ¼ 759 m) ( Table 1 ). The average self-reported one-way travel time from the survey was 48.5 min (SD ¼ 53.2 min). In contrast, the average one-way route time as calculated from 
Straight-line versus self-reported measures
As shown in Figure 3 self-reported estimates of travel time. This result should be interpreted with caution, however, given the small share of sample households with phones (6%) and the fact that we do not know which respondents actually carry a phone while fetching. Finally, we find no evidence that solitary water fetchers provide better estimates as compared to those who regularly fetch with one or more companions.
Models of indicator accuracy
We re-estimated this time model using an average walking pace for survey respondents (7.7 m/min versus 62.5 m/min from the literature) and observed no substantive change in our results. Represents the effect of high resolution satellite images (e.g., GeoEye, DigitalGlobe) used during path digitization versus using low resolution satellite images (e.g., SPOT). All landscape parameters relative to images with peri-urban landscape. Represents the effect of high resolution satellite images (e.g., GeoEye, DigitalGlobe) used during path digitization versus using low resolution satellite images (e.g., SPOT). The number of water fetching trips that a respondent makes per week was also found to be significant in the time model, albeit with small effect size, consistent with our hypothesis that increased familiarity with the route might increase the accuracy of self-reported fetching time.
DISCUSSION
Although not tested with our data, it may be that this effect is greater in communities whose water source is in a we extend a sincere thanks to the members of our enumerator team and to the households who participated in this study.
